Introduction {#S0001}
============

In recent years, the clinical application of chimeric antigen receptor T cells (CAR-T) has achieved considerable success in the treatment of hematological malignancies, including CD19-positive B cell acute leukemi.^[1](#CIT0001)--[5](#CIT0005)^ CARs contain an extracellular ScFv fragment recognizing tumor-associated antigens (TAAs), the CD3z intracellular T cell-activating domain and co-stimulatory domains such as those derived from CD28 and 4-1BB. Upon binding of target antigens by ScFv, the signaling domains are activated, leading to target cell killing and CAR-T cell proliferatio.^[6](#CIT0006)--[8](#CIT0008)^ The first-generation CAR utilized only CD3z to activate T cells without incorporating a co-stimulatory domain, the in vivo anti-tumor efficacy of these cells is poo.^[9](#CIT0009)^ Second-generation CAR-T cells, which generally utilize CD28 or 4-1BB as a co-stimulatory signal, have shown surprising efficacy in leukemia patient.^[2](#CIT0002),[6](#CIT0006),[10](#CIT0010)^ Nonetheless, the efficacy of CAR-T cells against solid tumors remains poor and uncertain, perhaps due to factors that suppress T cell responses in the tumor microenvironmen.^[11](#CIT0011)--[13](#CIT0013)^

Studies have shown improved anti-tumor activity by simultaneously incorporating CD28 and 4-1BB cytoplasmic domains into a CAR vector to construct a third-generation CA.^[14](#CIT0014),[15](#CIT0015)^ In addition to CD28 and 4-1BB, other co-stimulatory molecules, such as ICOS, OX-40, CD40, and CD27, have been tested in multiple pre-clinical model.^[16](#CIT0016)--[19](#CIT0019)^ Previously, we determined that co-stimulation of toll-like receptor 2 can potentiate the anti-tumor efficacy of CAR-T cell.^[20](#CIT0020)^ Together, these findings demonstrate the importance of optimizing the co-stimulatory molecules in CAR-T cells.

Natural killer (NK) group 2 member D (NKG2D) is a strong activating receptor for both human and murine NK cells. In addition, NKG2D is expressed by CD8 + T cells and reportedly serves as a co-stimulatory receptor for CD8 + T cells. The membrane localization and signal transduction of NKG2D in T cells depend on another membrane protein, DNAX-activating protein 10 (DAP10). DAP10 contains a YxxM signaling motif, which may activate phosphatidylinositol 3-kinase-dependent signaling pathway.^[21](#CIT0021),[22](#CIT0022)^ Despite the roles of NKG2D and DAP10 signaling on T cells have been extensively studie,^[23](#CIT0023),[24](#CIT0024)^ the effect of DAP10 activation in the second-generation CAR-T cells, which generally utilize a CD28 or 4-1BB co-stimulatory domain, remains unknown. We hypothesized that DAP10 activation can improve the anti-tumor activity of second-generation CAR-T cells based on previous reports. To test this hypothesis, we generated anti-mesothelin (MSLN) and anti-glypican 3 (GPC3) CAR vectors containing the DAP10 cytoplasmic domain, CD28 and 4-1BB. We compared the function of CAR-T cells with or without the DAP10 cytoplasmic domain using in vitro functional assays and in vivo xenograft mouse models. Our results reveal that DAP10 incorporation enhances the effector function and anti-tumor capacity of second-generation CAR-T cells in vitro and in vivo.

Results {#S0002}
=======

DAP10 incorporation in second-generation anti-msln cars enhanced anti-tumor activity in vitro {#S0002-S2001}
---------------------------------------------------------------------------------------------

We generated second-generation anti-MSLN CAR-T cells with a CD3z activating domain and a CD28 cytoplasmic domain (M28z) as previously reporte.^[20](#CIT0020)^ To confirm the expression of NKG2D and DAP10 in CAR-T cells, we detected NKG2D expression on in vitro-expanded CAR-T cells by FACS, and most of the expression was detected on CD8+ CAR-T cells (Supplementary [Figure 1A](#F0001)). DAP10 gene expression in these cells was then confirmed by qRT-PCR (Supplementary [Figure 1B](#F0001)). The results show the expression of NKG2D and DAP10 in M28z CAR-T cells.10.1080/2162402X.2018.1509173-F0001Figure 1.DAP10 incorporation in second-generation anti-mesothelin CARs enhanced cytotoxicity in vitro. (A) Schematic diagram of M28z, Mbbz, M28z10, Mbbz10, and GFP vector construction. (B) Eighteen-hours in vitro killing assay of M28z, M28z10, Mbbz, Mbbz10, and GFP T cells on multiple lung cancer cell lines, including A549GL, H460GL and MSLN+ H460GL cells, at each E:T ratio. \* P \< 0.05, \*\* P \< 0.01, and \*\*\* P \< 0.001.

To stably couple and activate DAP10 signaling with CARs, we constructed vectors containing the DAP10 cytoplasmic domain based on the second-generation CARs M28z and Mbbz, named M28z10 CAR and Mbbz10 CAR, respectively ([Figure 1A](#F0001)). We then sought to determine if DAP10 incorporation in the CAR vectors affects the anti-tumor activity of CAR-T cells. We transduced these constructs into primary human T cells and found no difference in transduction efficiency in the M28z and M28z10 groups (Supplementary [Figure 2](#F0002)). Then, we tested the in vitro killing capacity of these CAR-T cells. Specifically, GFP, M28z, M28z10, Mbbz, and Mbbz10 T cells were co-cultured with human lung cancer cell lines, including A549GL, H460GL and MSLN-overexpressing H460GL cells, at the indicated effector to target (E:T) ratio for 18 hours, and target cell viability was then determined by measuring luciferase activity with a 450-nm laser in a luminometer. The results showed that the cytotoxicity of M28z10 was greater than that of M28z in A549GL and H460GL MSLN+ target cells, while there was no difference in cytotoxicity against H460GL cells, which do not express MSLN ([Figure 1B](#F0001)). To determine the levels of cytokine secretion by these different CAR-T cells, the supernatant of T cells co-cultured with A549GL cells was collected for enzyme-linked immunosorbent assay (ELISA) analysis. The secretion of IL-2, IFN-γ, granzyme B, and GM-CSF was significantly elevated in the M28z10 group compared with the M28z and GFP groups. Similar results were also obtained in Mbbz10 T cells compared with Mbbz and GFP T cells, except for GM-CSF, which was secreted at high levels by the Mbbz group ([Figure 2A](#F0002)). These results show the enhanced capacity for cytokine secretion upon DAP10 incorporation in second-generation CAR-T cells.10.1080/2162402X.2018.1509173-F0002Figure 2.DAP10 incorporation in second-generation anti-mesothelin CARs enhanced cytokine secretion and serial killing activity in vitro. (A) Detection of IL-2, IFN-γ, granzyme B and GM-CSF secretion by M28z, M28z10, Mbbz, Mbbz10, and GFP T cells after co-culture with A549GL cells for 18 hours. (B) Serial killing assay of M28z, Mbbz, M28z10, Mbbz10 and GFP T cells against A549GL cells. Specifically, T cells were co-cultured in 3 rounds with A549 cells at an E:T ratio of 1:2, and target cell viability was measured after each killing round. (C) IL-2 and granzyme B secretion by T cells after 3 rounds of killing A549GL cells. (D) Detection of cell surface markers of T cell activation, degranulation, and exhaustion after 3 rounds of killing A549 cells. \* P \< 0.05, \*\* P \< 0.01, and \*\*\* P \< 0.001.

DAP10 incorporation in second-generation anti-msln cars enhanced the serial killing activity in vitro {#S0002-S2002}
-----------------------------------------------------------------------------------------------------

We then sought to determine the serial killing capacity of M28z10 and Mbbz10 T cells by continuously challenging them 3 times with A549GL target cells at 24-hour intervals. GFP, M28z, M28z10, Mbbz, and Mbbz10 T cells were co-culture d with A549GL cells at an E:T ratio of 1:2. After 24 hours, suspended T cells were transferred to another plate, and the remaining adherent cells were assayed for luminescence; Then, the same number of A549GL cells was added to the T cells. Twenty-four hours later, the procedure was repeated. The results showed that during the 3 rounds of killing, the cytotoxicity of all groups of T cells decreased, and M28z10 and Mbbz10 T cells exhibited significantly greater cytotoxicity than GFP, M28z and Mbbz T cells in all 3 rounds of killing ([Figure 2B](#F0002)). We also detected IL-2 and granzyme B secretion after the 3rd challenge; at this time point, all groups of T cells showed decreased cytokine secretion, but M28z10 and Mbbz10 T cells retained significantly higher secretion levels than did GFP, M28z and Mbbz T cells ([Figure 2C](#F0002)). Flow cytometry analysis of M28z10 and M28z T cells after 3 rounds of A549 target cell stimulation revealed a significant elevation of CD25, CD69 and CD107a expression on the surface of M28z10 T cells, indicating an increased activation state and increased degranulating capacity. A moderate elevation of PD-1 expression was detected, which also suggests enhanced T cell activation ([Figure 2D](#F0002)). Taken together, these results show that cytotoxicity, cytokine secretion, and T cell activation are enhanced by DAP10 incorporation into anti-MSLN CARs.

DAP10 incorporation in anti-msln cars enhanced anti-tumor activity in vivo {#S0002-S2003}
--------------------------------------------------------------------------

To test whether DAP10 incorporation enhances the anti-tumor efficacy of CAR-T cells in vivo, we firstly constructed a human lung cancer xenograft mouse model by subcutaneously (s.c.) injecting 5 × 10^5^ A549GL cells into NOD-SCID IL2γ-/- (NSI) mic.^[25](#CIT0025)^ After 2 weeks, tumors reached approximately 100 cm^3^ in size, and 5 × 10^6^ M28z or M28z10 T cells and an equivalent number of GFP T cells were intravenously (i.v.) infused into these mice. Tumor volume was measured every 3 days. On day 39, the mice were sacrificed, and the tumors were dissected ([Figure 3A](#F0003)). The results showed that tumor growth was delayed in the M28z10 T cell group compared with both the M28z T cell and GFP T cell groups ([Figure 3B](#F0003)); tumor weight was also lower in the M28z10 group ([Figure 3C](#F0003)). Immunohistochemistry detection of human CD3 in the tumor tissue sections showed more infiltrated T cells in M28z10 T cells treated mice compared with M28z T cells treated mice ([Figure 3D](#F0003)). Taken together, these results indicate that incorporating the DAP10 cytoplasmic domain into the CAR vector improves the anti-tumor efficacy in NSCLC cell line based tumor model in vivo.10.1080/2162402X.2018.1509173-F0003Figure 3.DAP10 incorporation in anti-mesothelin CARs enhanced anti-tumor activity in A549 lung cancer cell xenograft mouse models. (A) Schematic representation of the experiments. (B-C) Tumor volume (B) and weight (C) of A549 mouse xenografts after treatment with GFP, M28z, or M28z10 T cells. (D)CD3 expression in the tumor of M28z and M28z10 T cells treated mice detected by Immunohistochemistry. Scale Bar = 20μm. Tumor volume = (length× width^2^)/2; Error bars denote s.e.m., and the results were compared with an unpaired t-test. \* P \< 0.05, \*\* P \< 0.01, and \*\*\* P \< 0.001.

To further test the efficacy of DAP10 activation in CAR-MSLN T cells, we utilized a primary lung cancer sample that expresses the MSLN antigen to construct a patient-derived xenograft mouse mode.^[26](#CIT0026)^ Eighteen days after tumor inoculation, we i.v infused 5 × 10^6^ M28z or M28z10 T cells or an equivalent number of GFP T cells into these mice, and the CAR-T cell percentage was normalized with untransduced T cells. Tumor volume was measured every 3 days after infusion, and mice were sacrificed on day 38 ([Figure 4A](#F0004)). Tumors were dissected to analyze the volume and weight; tumor samples were collected to detect the persistence of CAR-T cells in these mice by FACS. The results showed that M28z10 T cells delayed primary lung cancer growth, and tumor weight was lower in the M28z10 T cell group than in the M28z and GFP T cell groups ([Figure 4B](#F0004) and [C](#F0004)). FACS analysis indicated that the percentages of both total T cells and CAR-T cells were elevated in the M28z10 group compared with the M28z group, which showed low persistence in this experiment ([Figure 4D](#F0004) and [E](#F0004), Supplementary [Figure 3](#F0003)). These results show the improved anti-tumor efficacy of M28z10 T cells with increased accumulation of CAR-T cells in the tumor microenvironment.10.1080/2162402X.2018.1509173-F0004Figure 4.DAP10 incorporation in anti-mesothelin CARs enhanced anti-tumor activity in human primary lung cancer cell xenograft mouse models. (A) Schematic representation of the experiments. (B-C) Tumor volume (B) and weight (C) of primary lung cancer mouse xenografts after treatment with GFP, M28z, or M28z10 T cells. Tumor volume = (length× width^2^)/2. (C-D) Percentage of total human T cells (C) and CAR-T cells (D) in primary lung cancer tissue. Error bars denote s.e.m., and the results were compared with an unpaired t-test. \* P \< 0.05, \*\* P \< 0.01, and \*\*\* P \< 0.001.

DAP10 incorporation in anti-gpc3 cars enhanced anti-tumor activity in vitro and in vivo {#S0002-S2004}
---------------------------------------------------------------------------------------

GPC3 is a glycoprotein widely expressed on human hepatocellular carcinoma (HCC) cell,^[27](#CIT0027),[28](#CIT0028)^ and GPC3 has been developed as an antigen in CAR-T therapy for multiple pre-clinical and clinical application.^[29](#CIT0029),[30](#CIT0030)^ To further confirm the effect of DAP10 on second-generation CAR-T cells, we next constructed anti-GPC3 CAR vectors containing the DAP10 cytoplasmic domain at the 3ʹ end of the CAR ([Figure 5A](#F0005)).We then assessed the in vitro killing of the human HCC cell lines HepG2GL and HC04GL by GFP, G28z, G28z10, Gbbz and Gbbz10 T cells in co-cultures at the indicated E:T ratio for 18 hours. HepG2GL and HC04GL cells were generated by transducing the human HCC cell lines HepG2 and HC-04 with luciferase-GFP lentivirus as previously reporte.^[30](#CIT0030)^ G28z10 and Gbbz10 T cells exhibited increased cytotoxicity compared with G28z and Gbbz T cells, respectively ([Figure 5B](#F0005)). Cytokine assays performed after co-culturing T cells with HepG2GL cells demonstrated increased IL-2, IFN-γ, granzyme B and GM-CSF secretion by G28z10 T cells compared with G28z T cells. IL-2, IFN-γ and granzyme B secretion was increased in the Gbbz10 group compared with the Gbbz group, but GM-CSF secretion by Gbbz and Gbbz10 T cells was similar ([Figure 5C](#F0005)).10.1080/2162402X.2018.1509173-F0005Figure 5.DAP10 incorporation in second-generation anti-glypican 3 CARs enhanced cytotoxicity and cytokine secretion in vitro. (A) Schematic diagram of G28z, Gbbz, G28z10 and Gbbz10 vector construction. (B) Eighteen-hour in vitro killing assay of G28z, G28z10, Gbbz, Gbbz10, and GFP T cells on the human hepatocellular carcinoma cell lines HepG2GL and HC04GL at each E:T ratio. (C) Detection of IL-2, IFN-γ, granzyme B and GM-CSF secretion by G28z, G28z10, Gbbz, Gbbz10, and GFP T cells after co-culture with HepG2GL cells for 18 h. \* P \< 0.05, \*\* P \< 0.01, and \*\*\* P \< 0.001.

Next, we tested the anti-tumor efficacy of anti-GPC3 CAR-T cells in a primary HCC xenograft mouse model. Primary HCC samples were s.c. transplanted into NSI mice. After 18 days, 5 × 10^6^ G28z or G28z10 T cells or an equivalent number of GFP T cells were i.v. injected into these mice. Tumor volume was measured every 3 days. Mice were sacrificed 27 days after tumor transplantation (Supplementary [Figure4A](#F0004)). Both G28z and G28z10 T cells significantly suppressed tumor growth and caused regression of these primary HCC tumors, but G28z10 T cells had greater efficiency in evoking HCC tumor regression (Supplementary [Figure4B](#F0004)). These results show that G28z10 T cells are more efficient than G28z T cells at inducing primary HCC regression, suggesting enhanced anti-tumor activity induced by DAP10 activation in T cells.

Synergistic effect of CD28 and DAP10 cytoplasmic domains in promoting the effector function of CAR-T cells {#S0002-S2005}
----------------------------------------------------------------------------------------------------------

The above data demonstrates the enhanced anti-tumor activities of DAP10 incorporation into the second generation CAR vectors, nonetheless, the function of CAR containing only DAP10 as co-stimulatory signal should also be evaluated to know whether DAP10 can fully co-stimulate CAR-T cells only by itself without the assistance of CD28 or 4-1BB domains. Therefore, we constructed the second generation CAR vector which only utilize DAP10 as co-stimulatory signal([Figure6A](#F0006)), named Mz10. Then we sought to determine the in vitro functions of Mz10, M28z, and M28z10 T cells in terms of cytotoxicity and cytokine secretion. The results show that the cytotoxicity of Mz10 T cells against A549GL cells is comparable with M28z T cell, and is also significantly lower than M28z10 T cells ([Figure6B](#F0006)). Similar results were obtained from cytokine detection assays, which suggested the similar IL-2 and granzyme B secretion level for Mz10 and M28z T cells, while M28z10 T cells secreted significantly higher level of them([Figure6C](#F0006)). These data indicate that DAP10 are not able to co-stimulate CAR-T cells to the extent elicited by both CD28 and DAP10. These results also indicate the showed synergistic effect of CD28 and DAP10 in co-stimulating CAR-T cells, as demonstrated by the highest level in both cytotoxicity and cytokine secretion exhibited by M28z10 T cells.10.1080/2162402X.2018.1509173-F0006Figure 6.Synergistic effect of CD28 and DAP10 cytoplasmic domains in promoting the effector function of CAR-T cells. (A) Schematic diagram of Mz10 vector construction. (B) Eighteen-hour in vitro killing assay of Mz10, M28z, M28z10, and GFP T cells on the A549GL cells at each E:T ratio. (C) Detection of IL-2, granzyme B secretion by Mz10, M28z, M28z10, and GFP T cells after co-culture with A549GL cells for 18 h at E:T = 1:2. (D) Detection of T-bet and Eomes mRNA level in Mz10, M28z, M28z10, and GFP T cells after co-culture with A549GL cells at E:T = 2:1 by qRT-PCR. (E) Detection of T-bet expression in Mz10, M28z, M28z10 T cells after co-culture with A549GL cells at E:T = 2:1 for 18h by intracellular flowcytometry staining. \* P \< 0.05, \*\* P \< 0.01, and \*\*\* P \< 0.001.

To explore the mechanisms underlying the synergistic effect of CD28 and DAP10, we focused on the two transcription factors, T-bet and Eomesodermin(Eomes), which are master transcriptional regulators in T cells and meditated their effector function or memory differentiatio.^[31](#CIT0031),[32](#CIT0032)^ We firstly detected the levels of T-bet and Eomes mRNA transcripts in GFP, Mz10, M28z,M28z10 T cells after co-culturing them with A549GL cells at E:T ratio = 2:1 by qRT-PCR. The results show that M28z10 T cells exhibit highest level of T-bet transcripts compared with M10z and M28z T cells, while M10z and M28z show similar level of T-bet transcripts([Figure6D](#F0006)). To confirm the expression of T-bet at protein level, we performed intracellular flowcytometry staining to detect T-bet expression in the CAR-T cells, the results showed that the percentage of T-bet positive cells is highest in M28z10 group compared with Mz10 and M28z group([Figure6E](#F0006)).

Discussion {#S0003}
==========

In the present study, we generated 3rd generation CAR-T cells containing the DAP10 cytoplasmic domain and the CD28 or 4-1BB cytoplasmic domain as co-stimulatory signals for T cells. DAP10 incorporation in anti-MSLN and anti-GPC3 CAR-T cells elicited enhanced cytotoxicity and cytokine secretion in vitro. Moreover, anti-tumor activity was improved, as shown by the delayed tumor growth in our xenograft cell line and PDX mouse models. Collectively, our data show the enhancement of anti-tumor capacity by DAP10 incorporation in second-generation CAR-T cells.

Ligand binding to NKG2D activates the signal transducer DAP10 to trigger downstream phosphorylation cascades, leading to the activation of NK cells or co-stimulation of T cell.^[22](#CIT0022),[33](#CIT0033)^ Cytokines such as IL-4 and TGF-β derived from the tumor microenvironment can down-regulate NKG2D expression on NK and CD8 + T cells and thereby dampen anti-tumor activit.^[34](#CIT0034)--[36](#CIT0036)^ In contrast, cytokines that function through common γ chain receptors, including IL-2, IL-7, and IL-15, can support NKG2D expression on immune cell.^[33](#CIT0033)^ These findings prompted us to ascertain the importance of activating DAP10 signaling in T cells to facilitate tumor eradication. We incorporated the DAP10 cytoplasmic domain into second-generation CAR vectors, and found the enhanced cytotoxcity and cytokine secretion by these CAR transduced human T cells. Our data is consistent with previous report demonstrating that activation of NKG2D and DAP10 can directly elicit T cell killing or enhance their cytotoxcity against target cells,^[37](#CIT0037)--[39](#CIT0039)^ and bystander activated memory CD8 T cells control early pathogen load through NKG2.^[40](#CIT0040)^ In contrast, silencing NKG2D and DAP10 can reduce the cytotoxcity of T and NK cell,^[41](#CIT0041)^ and NKG2D dysfunction impairs anti-tumor activities of memory CD8 + T cell.^[42](#CIT0042)^ Besides, activation of NKG2D and DAP10 also enhance the inflammatory cytokine production by murine CD8 + T cells as reported previousl,^[43](#CIT0043),[44](#CIT0044)^ and NKG2D signaling are also able to promote T cell infiltration and accumulation in tumors and live,^[45](#CIT0045),[46](#CIT0046)^ which are consistent with our in vivo results obtained from lung cancer PDX mouse model.

Some pioneering studies generated chimeric NKG2D receptor T cells harboring the NKG2D extracellular domain, DAP10 and the CD3z activation domain to redirect T cells to recognize and kill tumors expressing NKG2D ligands.^[47](#CIT0047)--[49](#CIT0049)^ However, the effect of DAP10 incorporation had not been tested in CAR-T cells containing CD28 or 4-1BB co-stimulatory domains and targeting diverse types of TAAs. In the present study, we hypothesized that the activation of DAP10 signaling in CAR-T cells will improve anti-tumor activity. We incorporated the DAP10 cytoplasmic domain into second-generation CAR vectors and indeed found superior anti-tumor efficacy of CAR-T cells targeting TAAs including Mesothelin and Glypican 3, which is worthy being further tested in clinical trials.

Materials and methods {#S0004}
=====================

Chimeric antigen receptor constructs and lentivirus production {#S0004-S2001}
--------------------------------------------------------------

The second-generation anti-MSLN and anti-GPC3 CAR vectors were previously reporte.^[20](#CIT0020),[30](#CIT0030)^ The human DAP10 cytoplasmic domain sequence was obtained from the UniProt database (ID: Q9UBK5). The third-generation anti-MSLN and anti-GPC3 CARs containing the DAP10 cytoplasmic sequence were synthesized by Genscript (Nanjing) Co., Ltd. (Nanjing, China), and cloned into the second-generation lentiviral vector pWPXLd. Lentivirus particles were produced in HEK-293T cells after polyethyleneimine (Sigma-Aldrich, St Louis, MO, USA)-mediated transfection. HEK-293T cells were co-transduced with the pWPXLd-based lentiviral plasmid and two packaging plasmids, psPAX2 and pMD.2G. Lentivirus-containing supernatants were harvested at 48 and 72 hours post-transduction and filtered through a 0.45-µm filter.

Isolation, transduction, and expansion of primary human t lymphocytes {#S0004-S2002}
---------------------------------------------------------------------

Peripheral blood mononuclear cells (PBMCs) were isolated from the cord blood of healthy donors using Lymphoprep (StemCell Technologies, Canada). T cells were negatively selected from PBMCs using a MACS Pan T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and activated using microbeads coated with anti-human CD3, anti-human CD2 and anti-human CD28 antibodies (Miltenyi Biotec) at a 1:2 bead:cell ratio and a density of 2.5 × 10^6^ cells/ml for 2 days in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 IU/ml recombinant human IL-2, 10 mM HEPES, 2 mM glutamine and 1% penicillin/streptomycin. On post-activation day 2, T cells were transfected with chimeric vector lentiviral supernatants in the presence of 8 μg/ml polybrene (Sigma-Aldrich, St Louis, USA). Twelve hours after transfection, T cells were cultured in fresh medium containing IL-2 (300 U/mL); subsequently, fresh medium was added every 2--3 days to maintain cell density within the range of 0.5--1 × 10^6^ cells/ml. Healthy PBMC donors provided informed consent for the use of their samples for research purposes, and all procedures were approved by the Research Ethics Board of the Guangzhou Institutes of Biomedicine and Health (GIBH).

Cells and culture conditions {#S0004-S2003}
----------------------------

HEK-293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, NY, USA). A549 (human lung adenocarcinoma), H460 (human large cell lung cancer), HepG2 (human HCC), and HC04 (human HCC) cells were maintained in RPMI-1640. DMEM and RPMI-1640 medium were supplemented with 10% heat-inactivated FBS (Gibco/Life Technologies), 10 mM HEPES, 2 mM glutamine (Gibco/Life Technologies) and 1% penicillin/streptomycin. All cells were cultured at 37°C in an atmosphere of 5% carbon dioxide.

Flow cytometry {#S0004-S2004}
--------------

Flow cytometry was performed on a Fortessa cytometer (BD Biosciences, San Jose, CA), and data were analyzed using FlowJo software (FlowJo, LLC, Ashland, OR, USA). The antibodies used, including anti-human CD3-APC (clone UCHT1), anti-human CD4-APC (clone OKT4), anti-human CD8-PE (clone OKT8), anti-human CD279 (PD-1)-APC (clone eBioJ105), anti-human NKG2D-APC (clone 1D11), anti-human CD25-PE (clone BC96), anti-human CD69-APC (clone FN50), anti-human CD107a-APC (clone H4A3), anti-human T-bet-percpcy5.5(Clone 4B10), mouse IgG1kappa isotype control-PE and mouse IgG1kappa isotype control-APC (clone MOPC-21), were purchased from Biolegend, San Diego, CA, USA. All FACS-related staining was performed on ice for 30 minutes, and cells were then washed with PBS containing 1% FBS before cytometry analysis. Intracellular staining of T-bet was achieved with True-Nuclear™ Transcription Factor Buffer Set (Biolegend, San Diego, CA, USA). Peripheral blood (PB), spleen (SP) and tumor samples from mouse xenografts were treated with red blood cell lysis buffer (Biolegend), and the cells were stained with the corresponding antibodies.

Cytotoxicity assays {#S0004-S2005}
-------------------

The H460GL, MSLN+ H460GL, A549GL, HepG2GL, and HC04GL target cells were incubated with GFP T cells and anti-MSLN or anti-GPC3 CAR-T cells at the indicated ratio in triplicate wells of U-bottomed 96-well plates. Target cell viability was monitored 18 hours later by adding 100 µl/well of the substrate D-luciferin (potassium salt) (Cayman Chemical, USA) at 150 µg/ml. Background luminescence was negligible (\< 1% of the signal from wells containing only target cells). The percent viability (%) was calculated as experimental signal/maximal signal× 100, and the percent lysis was equal to 100--percent viability.

Serial killing assays {#S0004-S2006}
---------------------

GFP, M28z, M28z10, Mbbz, and Mbbz10 T cells were initially co-cultured with A549GL cells at an E:T ratio of 1:2 in a 96-well plate. After 24 hours, suspended T cells were transferred to another 96-well plate, and the remaining adherent cells were assayed for luminescence; then, the same number of A549GL cells was added to the T cells. After 24 hours, this procedure was repeated to achieve 3 rounds of serial killing. When the last co-culture was finished, the culture supernatant was harvested to detect cytokine secretion by T cells.

Cytokine release assays {#S0004-S2007}
-----------------------

ELISA kits for IL-2, IFN-γ, granzyme B and GM-CSF were purchased from eBioscience, San Diego, CA, USA, and all ELISAs were performed according to the manufacturer's protocols. T cells were co-cultured with target cells at an E:T ratio of 1:2 for 18 hours. The culture supernatants were then collected and analyzed for secretion of the cytokines IL-2, IFN-γ, GM-CSF and granzyme B using ELISA kits.

Quantitative real-time PCR {#S0004-S2008}
--------------------------

mRNA was extracted from cells with TRIzol reagent (Qiagen, Stockach, Germany) and reverse-transcribed into cDNA using a PrimeScript^TM^ RT Reagent Kit (Takara, Japan). All reactions were performed with TransStart Tip Green qPCR SuperMix (TransGene, Beijing, China) on a Bio-Rad CFX96 Real-time PCR Machine (Bio-Rad, Hercules, CA, USA) using the following primers: human NKG2D forward, 5ʹ--CAAGATCTTCCCTCTCTGAGCA-3ʹ, and reverse, 5ʹ-GGCCACAGTAACTTTCGGTCA-3ʹ; Human DAP10 forward, 5ʹ-GCAGGGTGACATCCGCTATT-3ʹ, and reverse, 5ʹ-GAACAAGAGCCTGAAGTGCC-3ʹ. Human T-bet forward，5ʹ--CAGGGACGGCGGATGTTC-3ʹ, and reverse, 5ʹ--TTTCCACACTGCACCCACTT-3ʹ Human Eomes forward，5ʹ -- GGTTCCAGGTTCTGGCTTCC-3ʹ and reverse 5ʹ--ACATTTTGTTGCCCTGCATGT-3ʹ.

Immunohistochemistry {#S0004-S2009}
--------------------

Tumor tissue sections were ﬁxed with 10% paraformaldehyde, embedded in parafﬁn, sectioned at a thickness of 4μm, and immunostained with antibodies speciﬁc for Human CD3 (OKT-3), (Biolegend，US) overnight at 4 ^。^C, followed by secondary staining with secondary goat anti-mouse (ZSGB-BIO, Beijing, China). Images of all sections were obtained with a microscope (DMI6000B; Leica Microsystems, Wetzlar, Germany).

Xenograft models and in vivo assessment {#S0004-S2010}
---------------------------------------

Animal experiments were performed in the Laboratory Animal Center of GIBH, and all animal procedures were approved by the Animal Welfare Committee of GIBH. All protocols were approved by the relevant Institutional Animal Care and Use Committee (IACUC). All mice were maintained in specific pathogen-free (SPF)-grade cages and were provided autoclaved food and water. To develop the cell line-based lung cancer xenograft models, 5 × 10^5^ A549GL cells in 200 μl of PBS were injected subcutaneously into the right flanks of NSI mice aged 6--8 weeks. Fifteen days after cell transplantation, the mice were divided into three groups: GFP, M28z, and M28z10. On day 15, the percentage of GFP-positive M28z and M28z10 T cells was normalized with untransduced T cells, and 5 × 10^6^ CAR-T cells and an equivalent number of GFP T cells were injected through the tail vein into each tumor-bearing NSI mouse. Tumors were measured every 3 days with a caliper to determine the subcutaneous growth rate.

To develop the primary lung cancer mouse models, surgical tumor samples obtained from Sun Yat-Sen University Cancer Center (Guangzhou, China) were transplanted s.c. into NSI mice. Tumors that reached approximately 1000 mm^3^ were removed and passed into secondary recipients for expansion for further cancer research. Tumors were cut into 2 × 2 × 2 mm^3^ pieces and transplanted into the right flanks of NSI mice. Then, 18 days after transplantation, the mice were infused with the following groups of T cells: GFP, M28z or M28z10. The percentage of GFP-positive cells was normalized with untransduced T cells, and 5 × 10^6^ CAR-T cells and an equivalent number of GFP T cells were injected i.v. into each mouse. Tumors were measured every 3 days with a caliper. The tumor volume was calculated using the following equation: (length× width^2^)/2.

To develop the primary human HCC mouse models, surgical tumor samples obtained from Sun Yat-Sen University Cancer Center (Guangzhou, China) were transplanted s.c. into NSI mice. Tumors that reached approximately 1000 mm^3^ were removed and passed into secondary recipients for expansion for further cancer research. Tumors were cut into 2 × 2 × 2 mm^3^ pieces and transplanted into the right flanks of NSI mice. Then, 15 days after transplantation, the mice were infused with the following groups of T cells: GFP, G28z and G28z10. The percentage of GFP-positive cells was normalized with untransduced T cells, and 5 × 10^6^ CAR-T cells and an equivalent number of GFP T cells were injected i.v. into each mouse. Tumors were measured every 3 days with a caliper. The tumor volume was calculated using the following equation: (length× width^2^)/2.

Statistics {#S0005}
==========

The data are presented as the mean ± standard error of the means (s.e.m.). Unpaired Student's t-tests (two-tailed) were used to determine the statistical significance of differences between samples, and P \< 0.05 indicated statistical significance. All statistical analyses were performed using Prism software, version 5.0 (GraphPad, Inc., San Diego, CA, USA).
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